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In-situ and in-vacuo surface studies of in-situ and ex-situ GaN substrate preparation were 

conducted to advance fundamental understanding of GaN surface preparation for low 

temperature atomic layer epitaxial growth. Grazing incidence small angle x-ray scattering 

(GISAXS) information is complemented with in-vacuo x-ray photoelectron spectroscopy 

and ex-situ atomic force microscopy studies to assess different ex-situ sample preparation 

methods to produce the most suitable GaN surface for epitaxy. We have determined that a  

UV-ozone exposure followed by an HF dip produces the cleanest and smoothest GaN 

surface. We have further determined with GISAXS that subjecting the optimum surface to 

our established low temperature emulated gallium flash-off atomic level process (GFO 

ALP) eliminates the need for any nitridation ALP. These ex-situ and in-situ cleaning 

preparations result in clean, highly-ordered surfaces that should provide an ideal substrate 

for high quality crystalline epitaxial films. 
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I. INTRODUCTION 
Low temperature plasma-assisted atomic layer epitaxy (ALEp) can be used to grow 

aluminum nitride (AlN) and indium nitride (InN) for various applications.1–6 The materials 

grown using ALEp have shown good crystalline quality, but exhibit unacceptable levels of 

carbon incorporation and have been grown mostly on sapphire.1 GaN is not only a better 

lattice match to AlN and InN than sapphire, but also offers better thermal properties than 

sapphire, leading to its popularity in high power devices.7–13 These properties motivate us 

to develop growth of ALEp materials on GaN substrates.  

However, bulk GaN substrate technology is far less mature than sapphire, leading 

to the need to determine the best preparation method for a pristine starting surface that will 

promote epitaxy. In the GaN molecular beam epitaxy community recent studies show that 

a combination of ex-situ wet chemical etches followed by an in-situ clean of some kind 

produces the optimal result for GaN substrates.12,13  During metal-organic chemical vapor 

deposition (MOCVD) growth, GaN surfaces are cleaned by exposure to high temperatures 

and overpressures of nitrogen or ammonia,14 however due to the low temperature nature of 

the ALEp processes, alternative low temperature methods of cleaning the surface, both ex-

situ and in-situ are needed. N. Nepal et.al. has previously shown promising results with a 

piranha etch to prepare GaN surfaces for atomic layer deposition (ALD) oxide deposition, 

however that etch resulted in some oxide remaining on the surface, reducing its suitability 

for nitride epitaxy.15 C. English et. al. conducted an in-depth study of ex-situ GaN surface 

preparations before ALD deposition of high-ĸ dielectrics, where piranha was again 

assessed to produce optimum results.16 However both of these studies were for oxide 

deposition and concluded that a small layer of oxygen on the GaN surface was benificial.  
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Therefore, in this study we explored wet chemical etch procedures with the aim of  cleaning 

the surface of not only carbon, but oxygen as well.  

 In this work, we employ in-vacuo XPS methods to assess surface carbon and 

oxygen levels after ex-situ chemical treatments.  We investigate the surface smoothness of 

the substrates using both AFM and grazing incidence small angle x-ray scattering 

(GISAXS). GISAXS an in-situ technique that has previously been useful in elucidating the 

growth mechanism for AlN and InN on sapphire,5,6 will be used here to assess our in-situ 

cleaning technique, an emulated gallium flash-off (GFO) atomic level process (ALP) on 

our ex-situ treated GaN substrates.17  Using these surface science techniques, we strive to 

develop a fundamental understanding of the cleaning processes for an optimal GaN starting 

surface for ALEp.  

II. EXPERIMENTAL 

Two identical sets of experiments were performed in separate systems. One in a 

custom-built multicomponent UHV system with a base pressure of ~10-10 Torr, which 

permitted in-vacuo XPS studies and the other in a custom-built hot wall (150°C), ALEp 

reactor with a base pressure of 2.6 x 10-2 Torr, which permitted in-situ studies of surface 

morphological evolution in real-time at the G3 beamline at Cornell High Energy 

Synchrotron Source (CHESS)5,6,17. The following experimental section outlines the 

preparation for both studies unless otherwise explicitly stated. 

A. Ex-situ Sample Preparation 

Hydride vapor phase epitaxy (HVPE) bulk GaN substrates (Kyma and Lumilog) 

were diced into ~1 cm2 squares. Kyma substrates were semi-insulating, 488 µm thick, and 

had a 0.73° offcut, while the Lumilog substrates were N-type, 300 µm thick, and a 0.5° 
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offcut. They were prepared by first swirling them in acetone, isopropanol, and then DI (~18 

MΩ-cm) water for 5 min each.  Each substrate was then blown dry with pure nitrogen gas 

generated from liquid nitrogen boil-off. Following solvent cleaning, each substrate square 

was then processed using one of the following wet chemical etches followed by a 

subsequent DI water rinse and N2 blow dry: a) 5 min in 10 % HF solution ACS grade (CAS 

number: 7664-39-3); b) 1 min in 10% HCl solution ACS grade (CAS number: 7647-01-0); 

c) 10 min in 1:5 H2O2:H2SO4 (piranha solution) at 80°C; d) 10 min in 1:5 H2O2:H2SO4 

(piranha solution) at 80°C and then rinsed in DI and dried followed by 1 min in 

concentrated (48 %) HF and then rinsed and dried as above; e) 10 min in a Samco UV-1 

UV-ozone instrument in a clean room, transported back to the lab after ozone oxidation, 

and etched for 1 min in concentrated (48 %) HF then rinsed and dried as above.  For XPS 

studies, the substrate was then held in place on a Ta sample platen by spot-welded Ta foil, 

placed into the load lock of the experimental set up, then pumped down for load-in. This 

weld and load-in procedure was completed in under ~20 minutes. For GISAXS studies, the 

substrates were mounted onto the sample platen using tantalum clips, with care to ensure 

the greatest interaction area for the x-ray beam and to avoid any macro-defects in the 

substrate, and loaded into the vacuum chamber in under ~15 minutes. For AFM studies, 

the samples were extracted from the UHV chamber after XPS and adhered to an isolation 

table with a vacuum chuck.  

B. Emulated Gallium Flash-Off Atomic Level Process 

 The previously reported emulated gallium flash-off (GFO) atomic level process 

(ALP) was performed directly after our ex-situ cleaning and once the substrate temperature 

had equilibrated.1,17 These optimal results, namely 10 cycles of the GFO ALP at 500°C, 
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were used for this study. The GFO ALP is a 60 second cycle consisting of a 60 millisec 

pulse of trimethylgallium, 10 second Ar purge, 30 second H2 plasma exposure at 300 W 

forward power and 75 sccm flow rate. Pressure in the custom-built reactor during the 

temperature ramp was 6.2 x 10-2 Torr under flowing, purified argon. Note that while the 

substrate temperature was equilibrating at the synchrotron, the x-rays were concurrently 

aligned to the sample and the detector. For our custom-built reactor, we estimate a substrate 

temperature uncertainty of ± 20°C, measured with our Williamson Pro40 model pyrometer.  

At the synchrotron, after 10 cycles of GFO ALP, 10 cycles of a H2 plasma clean, 

henceforth refered to as hydrogen clean ALP, followed by 10 cycles of a N2 plasma clean, 

henceforth refered to as nitridation ALP, were executed at the GFO ALP temperature.  

These two processes are previously described elsewhere for the cleaning of sapphire 

substrates for ALEp.5,6,17 It should be noted that the hydrogen clean and nitridation ALPs 

are legacy processes from previous ALEp growth on sapphire that required surface 

nitridation to promote growth.    

C. Characterization Methods 

 

1. In-situ Methods: Grazing Incidence Small Angle X-ray Scattering 

A custom-built stainless steel reactor, previously described,5,6,17 was used at the 

Cornell High Energy Synchrotron Source (CHESS) G3 beamline to monitor surface 

morphological evolution during processing using in-situ grazing incidence small angle x-

ray scattering (GISAXS). A diffuse scatting pattern was created from an X-ray beam with 

a 0.8° angle of incidence. Scattered X-rays were collected every second using a 2D Dectris 

2M Pilatus detector positioned at 0.2° relative to the sample surface plane. The area 
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detector captures the scattering distribution between the critical angle where the Yoneda 

wing appears, and the specular reflection. Two sets of experiments were performed using 

GISAXS: the X-ray energy for first set of experiments was 11.22 keV, while the energy 

for the second set was 10.18 keV. Reducing the X-ray energy below the Ga flourecence 

threshold decreased the background scattering intensity, increasing signal-to-noise ratio of 

our measurements, without effecting the process. Additional experimental details have 

been described previously.5,6,17  

2. In-vacuo Methods: X-ray Photoelectron Spectroscopy 

In the custom-built UHV system, after the load-lock had reached a sufficient 

pressure (~1x10-6), the samples were transferred to a preparation chamber with base 

pressure ~10-10 Torr and outgassed at 400°C for 90 minutes. No additional in-vacuo 

preparation steps were taken prior to XPS analysis. Samples were transferred in-vacuo to 

a Surface Science Laboratory SSX-100 XPS with a monochromatic Al-Kα source at a 55˚ 

photoelectron emission angle. A pass energy of 151 eV was used for the survey scan and 

composition analysis, while a pass energy of 24.54 eV was used for position analysis of 

the individual elements. For all samples, a low-energy electron flood gun was utilized 

during XPS acquisition to reduce charging effects that may occur from the GaN substrate. 

Using CASA, GaN samples were manually aligned to the Ga (2p3/2) peak at 1117.8 eV.18 

In addition, a GaMn calibration sample was created and measured, in-vacuo, using a MOD 

Gen-II EMOF MBE system so that the Ga Auger peaks could be separated from both the 

nitrogen (1s) and the oxygen (1s) spectra. CasaXPS software was used for all fitting and 

analysis of XPS spectra.  

3. Ex-situ Methods 
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An Asylum Research MFP-3D AFM system using setpoints between 400 to 700 

mV in tapping mode, in air, was used to examine the surface of the substrates after the 

various ex-situ cleans and XPS analysis were performed. The noise floor of the AFM is 

0.03 nm when the cantilever is engaged with the sample surface.  The substrates were taken 

out of the UHV system and transported to the AFM for imaging, resulting in atmospheric 

exposure. Gwyddion software was used to process and analyze the images.19 A mean plane 

subtraction followed by a median alignment and a correction for horizontal scars were 

applied to all images before statistical analysis.19    

III. RESULTS AND DISCUSSION 

A. Ex-situ Results and In-situ Results 

Figure 1 shows AFM images with their respective RMS roughness values for Kyma 

GaN substrates a) as received, b) after the 10 % HF etch as described in the experimental 

section, c) after the 10 min piranha etch, d) after the 10 min piranha etch followed by the 

1 min concentrated HF etch and e) after at 10 min UV-ozone treatment followed by a 1 

min concentrated HF etch. AFM of the bare (unprocessed) Kyma substrates shows that 

there is some roughness on a generally disordered surface of the as-received substrates, 

which is to be expected from the immature technology of the chemical and mechanical 

polishing (CMP) that the substrates go through before they are shipped. The bare Kyma 

has a RMS roughness value of 0.44 nm. Figure 1 (b) shows that after the 10% HF etch 

there is still roughness on the surface. In addition, the RMS roughness value has increased 

to 0.75 nm after the treatment. Figure 1(c) shows that the piranha etch removes a lot of the 

particles on the surface, however they are now larger in size and the RMS roughness value 

is now closer to what the bare Kyma substrate was as received, 0.48 nm. Figure 1(d) shows 
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that the piranha etch followed by concentrated HF reveals a stepped GaN surface and a 

RMS roughness value of 0.11 nm. Figure 1 (e) shows that after the UV-ozone followed by 

concentrated HF etch also reveals the stepped GaN surface and a RMS roughness value of 

0.09 nm.   

Figure 2 shows AFM images with their respective RMS roughness values for 

Lumilog GaN substrates a) as received, b) after the 10 min piranha etch followed by the 1 

min concentrated HF etch and c) after at 10 min UV-ozone treatment followed by a 1 min 

concentrated HF etch. Figure 2 (a) shows the as received Lumilog has particles on a 

generally disordered surface, consistent with current CMP methods and a substrate exposed 

to atmosphere without any cleaning. The RMS roughness value for as-received Lumilog is 

0.52 nm. Figure 2 (b) shows that after the piranha and concentrated HF etch the stepped 

surface of the GaN substrate is revealed. The RMS roughness value is 0.08 nm. Figure 2(c) 

shows that after UV-ozone and concentrated HF etch also reveals the stepped surface of 

the GaN substrate. The RMS roughness value is 0.15 nm.  

Table 1 shows the XPS results of the percentage of carbon, oxygen and remaining 

impurities found on the surface of the substrates, as well as the RMS roughness numbers 

from the AFM analysis above. Both the Kyma and Lumilog GaN had large pits on the 

surface allowing for etchant to remain trapped on the surface if the DI rinse was not 

thorough. This trapping is the proposed source of impurities in the samples. Optimization 

of the DI rinse was attempted, but aggressive sonication or rough handling resulted in 

substrate fracture, limiting the success of more aggressive rinses. Also note that XPS 

analysis assumes a continuous film on the surface, but the contamination may not always 

take this form, so the amount of carbon and oxygen is typically overestimated in the 
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reported cases. The XPS results also include a small contribution coming from the substrate 

bulk and not just from the surface, as XPS probes the top ~10 nm of the sample on average, 

depending on the composition. HCl treatment resulted in the highest amount of carbon 

retained on the surface of the GaN substrate and, as this is undesirable, no further 

characterization was performed on such samples. 10% HF also results in a high percentage 

of carbon remaining on the surface. The piranha etch seems to reduce carbon past the 

detection limits of the XPS, but results in a high amount of oxygen on the surface, as 

expected from an oxidative method. The UV-ozone followed by concentrated HF etch 

shows a difference between the Kyma and Lumilog GaN samples, but both substrates show 

a reduction in carbon and oxygen compared to preceding etch methods. The piranha and 

concentrated HF etch on Kyma also shows a reduction in both carbon and oxygen. The 

piranha and concentrated HF treatment on Lumilog XPS results is an average of two data 

points as the sample broke during transfer and both pieces of the substrate were analyzed 

with XPS. The results were averaged, but we attribute the higher percentage of carbon and 

oxygen to the fracturing event. Based on the XPS and AFM results, we have downselected 

our samples for the GISAXS studies and only processed the two etches that gave us the 

best results: piranha with subsequent concentrated HF etch and UV-ozone with subsequent 

concentrated HF etch.  

Table 1. XPS relative elemental composition of C, O, impurities and RMS roughness found 

after etching Kyma (K) and Lumilog (L) GaN substrates.  

Ex-Situ Clean Carbon Oxygen Impurity RMS 

Bare (K) 
-- -- -- 0.44 nm 

HCl (K) 
17.9 %      9.9 %7% ~1 % Cl -- 
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10% HF (K) 
10.4 % 6.7 % -- 0.75 nm 

Piranha (K) 
~1 % 9.9 % ~1 % S 0.48 nm 

UV-ozone +HF 

(K) 
1.6 % 5.5 % ~1 % F 0.09 nm 

Piranha +HF 

(K) 
2.1 % 5.5 % ~1 % F 0.11 nm 

Bare (L) 
-- -- -- 0.52 nm 

UV-ozone +HF 

(L) 
4.5 % 6.0 % -- 0.15 nm 

Piranha +HF 

(L)* 
3.4 % 8.3 % ~1 % F 0.08 nm 

 

B. In-situ GISAXS Results 

Figure 3 shows contour plots for the GFO ALP during the entire 10 cycles 

conducted after the (a) piranha and concentrated HF etch and (b) UV-ozone and 

concentrated HF on Lumilog GaN substrates only. These plots of real-time GISAXS 

intensity over time, display the evolution of scattering in qy (nm-1). The GFO process is 

delayed for the first ~56 seconds to provide a baseline for all subsequent GISAXS plots. 

Scattering intensity was normalized to the upstream incident x-ray intensity recorded 

concurrently with the experiment. For GISAXS results the integrated intensity is directly 

proportional to the mean squared roughness.20,21 Figure 3(a) shows an increased and 

uniform intensity for the GFO ALP method when applied to surfaces cleaned with piranha 

and concentrated HF. Figure 3(b) shows a sharp increase in intensity when the GFO ALP 
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method starts, indicating roughening of the surface, but then a decrease in intensity around 

350 seconds, indicating smoothening of the surface, when applied to a surface cleaned with 

UV-ozone and concentrated HF. The marked difference here in GISAXS results, a 

smoothening result, allowed us to make a further determination that the UV-ozone/HF 

preparation is the better of the two. 

Having determined that UV-ozone followed by concentrated HF is the best ex-situ 

preparation method from our GISAXS studies, we only continued our experiments on GaN 

cleaned using this procedure. Figure 4 shows the contour plots for (a) the hydrogen clean 

ALP and (b) the nitridation ALP which were applied to the GaN substrate after an UV-

ozone and concentrated HF ex-situ preparation and the GFO ALP were completed. Figure 

4 (a) shows that the intensity starts and ends at the same level for the hydrogen clean ALP. 

Although, the intensity does lower during the 10 cycles, the scattering intensity returns to 

the baseline level, indicating that the hydrogen clean ALP is not doing any damage to the 

surface. In contrast, Figure 4 (b) shows a large increase in intensity, and therefore 

roughness, once the nitridation ALP starts which remains throughout the process.  

Figure 5 shows intensity over time at specific qy values taken from the data used to 

create the contour plots in Figure 4 which correspond to four approximately horizontal 

lines in that figure. Four specific qy were selected to represent a variety of length scales. 

Figure 5(a) shows that at qy equal to 0.125 nm-1 (~50.24 nm), the trend shown in the contour 

plot in Figure 4(a) is the same, namely that intensity and therefore roughness starts at a 

particular point and then decreases, where we can see the individual cycles, before 

returning to the same intensity and roughness. Figure 5(b) also shows that at qy equal to 

0.125 nm-1 (~50.24 nm), the trend shown in the contour plot in Figure 4(b) is the same, 
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namely that intensity/roughness increases drastically in the first cycles of the nitridation 

ALP and remains high over the length of the nitridation ALP.    

C. Discussion 

The results from Figures 1 & 2 along with Table 1, have shown us that our previous 

legacy method17 of cleaning GaN substrates in 10% HF is not the most effective method 

for removing the carbon and oxygen on the surface of the as-received GaN. In addition, 

the results show us that while there is some variability in the carbon between the two 

vendors, Kyma and Lumilog, the substrates are very similar  and react similarly to the 

etching process. Through AFM and XPS studies of the ex-situ processes we were able to 

down select (1) piranha and concentrated HF and (2) UV-ozone and concentrated HF as 

the two best ex-situ preparation methods of GaN substrates for our ALE applications. 

These two ex-situ cleans were employed as starting points for the in-situ 

synchrotron studies. Figure 3 (a) shows that while the GFO ALP is in progress for the 

piranha-HF treated surface there is an increase in uniform scattering intensity, correlating 

to an increase in uniform roughness occurring at all length scales over the substrate. In 

contrast, Figure 3 (b) for the UV-O3-HF treated surface, shows an initial increase, followed 

by a decrease in intensity and roughness indicating a smoother GaN substrate at the end of 

the process which is typically preferred for epitaxy. We hypothesize that this roughening 

corresponds to  removal of the remaining carbon and oxygen left on the surface and 

potentially some of the GaN substrate material (see Table 1 results), creating a beneficial 

surface on which to grow. From this experiment we conclude that UV-ozone followed by 

concentrated HF is a better ex-situ preparation method. Studies are underway to track the 

carbon and oxygen content on the GaN surface after the GFO ALP with XPS.  
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Having concluded that UV-ozone followed by concentrated HF is best, we 

continued with our standard in-situ preparation of the surface as seen in Figures 4 & 5. 

Figures 4 & 5 (a) show the hydrogen clean ALP has no additional effect on the surface of 

the GaN substrate that has received this particular combination of ex-situ and in-situ 

preparations. We come to this conclusion because the total scattered intensity starts and 

ends at the same magnitude. In addition, during the ALP pulse cycles, seen in Figure 5 (a), 

the intensity also returns to the baseline before another cycle starts, indicating that the 

hydrogen clean ALP has transformed the surface completely in the view of the x-rays 

before another cycle can begin, but we are neither roughening or smoothening the surface 

with this process.  

In contrast, Figures 4 & 5 (b) show the nitridation ALP increases substrate 

roughness, and therefore is not beneficial. As noted in the experimental section, the 

nitridation ALP is a holdover from when we used to grow on sapphire and a nitrogen rich 

surface was not readily available and had to be artificially created. However, with a GaN 

substrate, that is not the case. On the basis of these results we therefore no longer use this 

process.  

IV. SUMMARY AND CONCLUSIONS 

This work has assessed a collection of ex-situ cleaning methods for GaN substrates 

using XPS and AFM.  Two optimum processes are identified, and the resulting surfaces 

are further studied, using real-time GISAXS, during an optimized set of in-situ ALPs 

including a GFO, hydrogen clean and nitridation. AFM and XPS results indicate that either 

piranha followed by concentrated HF or UV-ozone followed by concentrated HF result in 

the best ex-situ preparation method for GaN. However, after looking at the in-situ GISAXS 
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results, superior surfaces result from UV-ozone followed by concentrated HF due to the 

fact that the GFO ALP is able to roughen and then smooth the surface creating a useful 

epi-ready surface. In addition, it seems that after using the GFO ALP on the GaN substrate, 

an empirical nitridation ALP degrades the surface and, therefore, should not be used in low 

temperature preparation of GaN surfaces for low temperature atomic layer epitaxy.  
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Figure 1. AFM images of Kyma HVPE GaN substrates (a) as received, (b) after 10 % HF 
etch, (c) after piranha etch, (d) after piranha and concentrated HF etch, and (e) after UV-
ozone and concentrated HF etch. 

Figure 2. AFM images of Lumilog HVPE GaN substrates (a) as received, (b) after piranha 
and concentrated HF etch, and (c) after UV-ozone and concentrated HF etch. 

Figure 3. Real-time GISAXS of 10 cycles of GFO ALP on Lumilog 
HVPE GaN substrates (a) after piranha and concentrated HF etch, and (b) 
after UV-ozone and concentrated HF etch. 

Figure 4. Real-time GISAXS of (a) 10 cycles of hydrogen clean ALP 
and (b) nitridation ALP on a Lumilog HVPE GaN substrate after a UV-
ozone and concentrated HF etch, followed by 10 cycles of GFO ALP.  

Figure 5. Real-time GISAXS of (a) 10 cycles of hydrogen clean ALP 
and (b) nitridation ALP on a Lumilog HVPE GaN substrate after a 
UV/ozone and concentrated HF etch, followed by 10 cycles of GFO ALP 
shown through four different qy values. 
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